INTRODUCTION
Mitochondrial DNA (mtDNA) of all metazoan animal species examined, from nematode worms to man, is in the form of circular molecules with contour lengths of about 5 µ (for recent reviews see Swift and Wolstenholme, 1969 ; Wolstenholme et al., 1971) . There is no evidence for more than one size class of circle within a single species .
imply that the maximum genetic information which the mtDNA of any one animal species can carry is defined by the length (ti5 µ) of a single circle of DNA .
In an attempt to test this further, and to gain information concerning the gross arrangement of base sequences in individual molecules of mtDNA from rat liver, we have used the denaturation mapping technique of Inman (1966 ; 1967) . This technique is based upon the finding that regions rich in adenine and thymine melt reproducibly in different copies of a DNA molecule at temperatures lower than regions rich in guanine and cytosine (Inman, 1966 ; Crawford, 1967 b, 1968) . By heating the DNA to different temperatures in the presence of formaldehyde, which prevents the rejoining of separated bases upon cooling (Freifelder and Davison, 1962 ; Inman, 1966) , and examining the DNA in the electron microscope, regions of strand separation can be detected and individual molecules mapped with respect to the gross distribution of the different base pairs .
For human papilloma virus DNA and polyoma virus DNA, it has been shown by electron microscopy that partial denaturation by heating in the presence of formaldehyde affects the tertiary structure of the supercoiled covalently closed circular form of the molecule (Follett and Crawford, 1967 a, b ; 1968) . The present report also describes changes in molecular configuration of covalently closed circular mtDNA molecules, as well as open circular mtDNA molecules, upon progressive heating .
MATERIALS AND METHODS

Preparation of Mitochondria
Mitochondria were prepared from liver of adult rats (weighing 100-200 g each) following the method described by Kirschner et al . (1968) . Livers were removed from rats sacrificed by cranial fracture, and immersed in 10 vol of 0 .3 M sucrose, 1 mm disodium ethylenediaminetetraacetate (EDTA), and 0.01 M Tris .HC1 (pH 7.4) at 0°-4°C, homogenized first in a Waring blender (Waring Products Div ., Dynamics Corp . of America, New Hartford, Conn .) (top speed 10 see), and then in a Potter-Elvehjem homogenizer (top speed, 2 strokes) with a fitted Teflon pestle, and centrifuged at 480 g for 10 min . The supernatant was further centrifuged at 7710 g for 12 min and the resulting pellet suspended in the aforementioned buffer . Magnesium chloride was added to 0.007 M and pancreatic deoxyribonuclease 3 94 THE JOURNAL OF CELL BIOLOGY • VOLUME 53, 1972 (DNase) (Worthington Biochemical Corp ., Freehold, N .J.) to 100 ug/ml, and the suspension incubated at 37°C for 30 min (Rabinowitz et al ., 1965) . DNase digestion was stopped by adding EDTA (pH 8 .0) to 0.04 M, and the DNase removed by alternately centrifuging out and resuspending the mitochondria 3 times in 0 .3 M sucrose, 0.01 M Tris •H CI, and 0.04 M EDTA, (pH 7.4) . The initochondria were finally suspended in 0.15 M NaCl, 0 .1 M EDTA, and 0.05 M sodium phosphate at pH 8.5 and frozen .
DNA Extraction and Purification
Suspensions of rnitochondria were thawed and then lysed with 2% sodium dodecyl sulfate, and DNA was extracted by the method described by Kirschner et al . (1968) . The lysate was shaken twice for 60 min at room temperature (about 20°C) with phenol equilibrated with the same buffer in which the mitochondria were suspended . Phenol was removed from the aqueous phase by shaking with ether. The ether was blown off with N2 gas. Ribonuclease (Worthington Biochemical Corp ., previously heated to 90°C for 5 min at pH 5 .0) was added to 200 sg/ml, and the mixture incubated at 37°C for 30 min. The solution was dialyzed against 0 .35 M NaCl, 2 mm EDTA, and 0 .05 M sodium phosphate at pH 6 .7 for 2 hr with two changes and then applied to a methylated albumin kieselguhr column (Mandell and Hershey, 1960) . The column was washed with 0 .4 M NaCl until no UV-absorbing material appeared in the effluent, and the DNA was then eluted with 0.8 M NaCl . Both of the aforementioned saline solutions contained 0.05 M sodium phosphate .
DNA was prepared from whole liver by a similar procedure .
Thermal Denaturation FOR ELECTRON MICROSCOPY : 20-µ1 samples of solution containing approximately 0 .2 ug DNA, 0 .05 M phosphate (pH 7 .8), and 10% formaldehyde were made up and sealed in 100-µ1 capillaries . Before use, the formaldehyde was treated as follows : to 10 ml of 377 formaldehyde, 0.1 ml I N NaOH was added, and the solution was heated to 100°C for 10 min in a sealed vessel . The formaldehyde was finally adjusted to pH 7 .8 with NaOH, and sodium phosphate at pH 7.8 was added to 0 .05 M (Freifelder and Davison, 1963) .
Some capillaries were individually heated at specific temperatures for 10 min in a thermostatically controlled water bath and then cooled in ice water . Samples in other capillaries were not heated .
MELTING CURVES : Thermal denaturation of DNA in 0.05 M sodium phosphate or 0 .05 M sodium phosphate and 10°%o formaldehyde was followed by observing changes in hyperchromicity in a Gilford 240 spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, Ohio) equipped with dual thermoplates connected to a Haake heating unit (Chas. F . Haake, Seaford, N. Y.) . The DNA solutions, at a concentration of 10-15 sg/ml, were overlayed with mineral oil and continuously heated at the rate of 0 .5°C/min in 0 .7 ml quartz cuvettes . The temperature was measured with a thermocouple placed in the same compartment as the sample .
Electron Microscopy
DNA was prepared for electron microscopy by the protein monolayer technique following the method described by Freifelder and Kleinschmidt (1965) . The contents of a capillary were mixed with 75 ul of 1 M ammonium acetate and 5 µl I % cytochrome c . The solution was then allowed to flow down an inclined glass slide onto a hypophase of 0 .3 M ammonium acetate containing 0 .5 1]0 formaldehyde. The surface film was left standing for 10 min and then picked up on carbon-coated Formvar films supported on 100-mesh copper grids . The grids were shadowed on a rotary turntable at an angle of about 8°with 8 mg of plantinum-palladium wire (80 :20), evaporated from a 23 mil tungsten wire at a mean distance of 10 cm from the grids, in a Kinney model KSE-2 evaporating unit (Kinney Vacuum Co., Boston, Mass .) . The specimens were examined and photographed (using projector pole piece 2) with an Hitachi HU-I1B electron microscope at an original magnification of X 11,000 . The magnifification was calibrated with a diffraction grating replica (2160 lines/mm) . Measurements of shadowed molecules were made on positive prints . Molecules including strand separations were measured with a Keuffel and Esser model No . 62-0335 map measure (Keuffel and Esser Co., Morristown, N.J.) (accurate to better than 2 mm per measurement) at a magnification of X 150,000. All other molecules were measured with a Keuffel and Esser model No. 62-0300 map measure (accurate to better than 1 cm per measurement) at a magnification of X 100,000 .
Estimates were made of the percentage weight of DNA in the double-stranded and single-stranded forms in each preparation heated at 51°C and above, by examining samples of 300 molecules . A single-stranded circle was assumed to be one-half the weight of a double-stranded circle . The amount of DNA in the single-stranded linear form was calculated by measuring the linear molecules in each sample and dividing the total length by the mean length of the single-stranded circular molecules of the same sample.
In the sample heated at 49°C, some of the open circular molecules had one or a low number of crossovers of the filament. For the purpose of mapping the positions of strand separations, the following rules were observed, following Inman (1966) . When a strand separation occurred on each side of a point of crossover, the relationship of the strand separations to each other with respect to distance along the molecule was only considered unambiguous when the filaments crossed approximately at right angles (see Fig . 3 ) . When the strands crossed at a narrow angle or ran parallel to each other, then the molecule was not used to make comparisons .
Random numbers were taken from Fisher and Yates (1963) . Probabilities (P) mentioned in the text resulted from analyses of variance .
RESULTS
It was determined by electron microscope examination that at least 95% of each of the mtDNAs used in the present experiments was circular. Each of the mtDNAs comprised highly twisted or supercoiled circular molecules ( Fig . 1) as well as open circular molecules (Fig . 2) as reported before for rat liver mtDNA (Kirschner et al ., 1968) and mtDNAs of other metazoan animals (see reviews of Swift and Wolstenholme, 1969 ; Wolstenholme et al ., 1971) . The supercoiled form of mtDNA, referred to as component I, has been shown to be a covalently closed molecule (Kroon et al ., 1966 ; Dawid and Wolstenholme, 1967 ; Clayton and Vinograd, 1967) ; that is, all of the phosphodiester bonds in both polynucleotide chains are intact (Vinograd et al ., 1965) . Open circular molecules (component II) differ in that they contain at least one phosphodiester bond break in one of the strands .
Thermal Melting Curves
Thermal melting curves for rat liver mtDNA and for rat liver nuclear DNA are given in Fig . 6 . The presence of formaldehyde resulted in considerable lowering of melting temperatures, as has been found for other DNAs (Grossman et al ., 1961 ; Davison, 1962, 1963) .
The mtDNA was found to have a Tm value (the temperature at one-half transition [Doty et al ., 1959] ) similar to that of the nuclear DNA examined under similar conditions . However, the mtDNA containing 51 1 % supercoiled molecules showed an increase in absorbance of about onehalf that shown by nuclear DNA . That this reflected resistance to denaturation of the covalently closed molecules was supported by the following : a preparation of mtDNA containing 91 % supercoiled molecules showed only about a 3-5, X 69,000.
FIGURE I
A supercoiled circular molecule of mtDNA heated at 25°C . Fiauiu, 6 The effect on absorbancy at 260 mµ of continuously heating rat liver mtDNA and nuclear DNA . 10% increase in absorbance compared to nuclear DNA . When both preparations of mtDNA heated in 0 .05 M sodium phosphate without formaldehyde were removed from the spectrophotometer at the end of the experiment, rapidly cooled, and examined in the electron microscope, they were found to contain apparently double-stranded supercoiled molecules . At higher temperatures in the presence of formaldehyde, both mtDNAs exhibited a second phase of increase in absorbance . When these DNAs were examined in the electron microscope at the end of the experiment, no supercoiled molecules were found . This indicates that the later increase in absorption resulted from breakage and denaturation of covalently closed circles .
Molecular Configurations of mtDNA at Different Temperatures
The initial phase of absorbance increase in the mtDNA preparations was taken to represent the transition of open circular (component II) molecules from double-stranded to single-stranded forms . For the mtDNA containing 5170 supercoiled molecules, the temperature range for this transition in the presence of formaldehyde was about 45°-57°C . Samples of mtDNA from a preparation containing approximately 50% supercoiled molecules were therefore heated in the examined in the electron microscope.
mtDNA heated at 25°C contained the same proportion of supercoiled molecules found in the original preparation (Fig . 7) . (A supercoiled circle was defined as one characterized by a tight coiling of the molecule into one or more axes [Figs . 1, 8, and 9] . It is usually possible to define at least 10 points of crossover of the strands in these molecules . Some, however, are too tightly coiled to define points of crossover or to measure .) Reduction of the proportion of supercoiled molecules accompanied increase in temperature . mtDNA heated at temperatures of 40°C through 50°C contained only apparently doublestranded open circular forms . In some molecules from preparations heated at 48°, 49°, and 50°C, strand separations were apparent . A consideration of the positions of these strand separations will be made in detail in a later section . In preparations heated at 51°C, loosely supercoiled double-stranded circular molecules were again apparent (Fig . 8 ) . This preparation also contained filaments which were kinky and had less contrast than the supercoiled molecules . Taking into consideration the thermal denaturation data (Fig. 6) , and the results of the similar experiments of Inman (1966 ; 1967) and Follett and Crawford (1967a, b ; 1968) , these filaments are interpreted as representing single polynucleotide strands of DNA . They occurred in three forms : 5% of this DNA consisted of circles with a mean contour length of 3 .36 µ (Figs . 10 and 13) ; 6% consisted of linear pieces with a range of lengths from 1 .2 p to 3 .5 s (mean of the modal lengths = 3 .16 µ) (Fig . 13) ; and 89% consisted of molecules measuring up to 7 .3 µ, which could be interpreted as a single-stranded linear piece joined at one or a small number of points to a single-stranded circle (Fig . 11) , and produced by incomplete strand separation of a native component II molecule . The single-stranded forms were found to represent approximately 50% of the total DNA and were therefore interpreted as representing the product of denaturation of only component II double-stranded molecules . This was presence of formaldehyde at 2 .5°, 30°, 35°, 40°, 45°, 47°, 48°, 49°, 50°, 51°, 55°, 60°, 70°, 80°, 90°, and 100°C for 10 min, quenched in ice, and confirmed by similarly treating a mtDNA preparation originally containing 91 ego supercoiled molecules . In this case, 14 c/o of the DNA was found to be single-stranded, and the remainder appeared as supercoils .
In most of the forms comprising a singlestranded circle and a single-stranded linear piece, the length of the linear piece was about equal to the length of the circle (Fig . 14) . This indicates that there was only one phosphodiester bond break in one of the polynucleotide strands of the 3 9 8 Percentage of mtDNA as supercoiled circular molecules in samples of a preparation heated at various temperatures for 10 min in 0 .05 M sodium phosphate and 10% formaldehyde . Up to 80°C, most of the single-strands of DNA were intact and it was therefore possible to make accurate measurements of the amount of DNA in any one form . After heating at 90°C, supercoiled molecules were present but much of the single-stranded DNA was fragmented or clumped making quantitative estimates unreliable. Supercoiled molecules were not found after heating at 100°C . The dotted ring at 80°C represents the sum of double-stranded molecules which showed regions of strand separations and supercoiled molecules .
native circle . The positions of the connections (when there was more than one) on the molecules seemed to be random relative to each other . Also, such connections were still apparent between 47 % of the single-stranded DNA in samples heated to 80°C .
Separate single-stranded circular and linear mtDNA molecules were also found in samples heated at temperatures up to and including 90°C . In mtDNA heated to 100°C, single-stranded DNA was seen only as short linear pieces . Electron micrographs of rotary-shadowed circular molecules of rat liver mtDNA heated at various temperatures for 10 min in 0 .05 nI sodium phosphate and 10l, formaldehyde . All micrographs, X 74,000 . A single-stranded molecule of mtDNA heated at 51°C . Contour length 3 .38 µ .
FIGURE 11
A molecule of mtDNA heated at 51°C which can be interpreted as comprising a singlestranded circle (contour length 3 .30 µ) and a single-stranded linear filament (length 3 .10 )u ) between which there is one point of contact (small arrow) . The large arrows indicate the ends of the linear filament . Plots of the lengths of connected circular and linear single-stranded rat liver mtDNA molecules from samples heated at 51°C and at 80°C for 10 min in 0 .05 M sodium phosphate and 10°%o formaldehyde . The arrows on the right ordinate indicate the positions of the mean lengths of single circular molecules from the respective preparations .
Supercoiled molecules were also found in all of the samples heated up to and including 90°C (Figs . 7 and 9 ) . They accounted for between 41°j0 and 45 0]0 of the DNA in the 55°, 60°, and 70°C samples . The supercoiling appeared much tighter at the higher temperatures (cf. Figs . 8 and 9 ) .
In the sample heated at 80°C, an apparently double-stranded open circular form was present which showed up to 15 regions of strand separa-THE JOURNAL OF CELL BIOLOGY • VOLUME 53, 1972 tion (Fig. 12 ) . An attempt was made to compare the positions of the strand separations of molecules showing the same number of separations . No clear groupings were found . The most likely explanation of these forms is that they resulted from a single phosphodiester bond break occurring in a covalently closed molecule in which the strands were extensively cross-linked by formaldehyde . The following observations support this interpre- tation . The sum of the percentage of DNA in this form and in the supercoiled form in the sample heated at 80°C was similar to the per cent of DNA in the supercoiled form in the sample heated at 70°C (Fig, 7) . mtDNA heated at 90° and 100°C included these forms and also apparently double-stranded linear DNA molecules showing regions of strand separation . The latter molecules could result if a covalently closed molecule first became cross-linked then broke at positions close together on the two strands . The breakdown and partial denaturation of covalently closed molecules at high temperatures in the presence of formaldehyde is also consistent with the finding of a second phase of absorbance increase of mtDNA at high temperatures under these conditions (Fig . 6 ) .
Denaturation Mapping
Of the molecules heated at 48°C, 570 were found to have a single strand separation . Of the molecules heated at 49°C, 13% had a single strand separation, 4% had two strand separations, 7 % had three strand separations (which together average 4 .8%o the length of a molecule), and 2% had four strand separations . The remaining molecules did not have detectable regions of strand separation . Molecules showing strand separations were assumed to be component II .
Molecules having three regions of strand separation were first compared . In a circular molecule, unlike the lambda phage molecules studied by Inman (1966 Inman ( , 1967 , there is no beginning or natural reference point . Also, there is no indication of direction . For the purpose of comparison, the following procedure was therefore adopted . Each circular molecule was converted to a linear rod . The lengths of native and denatured regions of each molecule were standardized by converting them to percentage lengths of the molecule . The three regions of strand separation were always contained within a segment of the molecule equal to less than one-half the length of the molecule . The midpoint of this segment in each molecule was taken as the common point by which the molecules were lined up . The larger of the two regions of native DNA between the three strand separations was placed to the left in each molecule, thus defining direction . 25 such arrangements of molecules and the result of comparing them are shown in Fig . 15 . There is a distinct indication of three common regions of strand separation in the molecules compared . Also, as mentioned above, the regions of strand separation, which are assumed to be adenine-thyminerich regions, are limited to less than 50% of the molecule .
mtDNA molecules with two regions of strand separation were compared with the three strand separation map. First, the mean positions of the three groups of the histogram in Fig . 15 were calculated and marked by arrows on a map as reference points (Fig . 16) . Each molecule containing two regions of strand separation was then converted to a linear rod, and the lengths of native and denatured regions were converted to percentage lengths of the molecule as before . The smaller strand separation was placed to the left and the midpoint of the smaller segment of the molecule containing the two strand separations was lined up with a point equidistant from two of the arrows . The two arrows chosen for an individual molecule were those whose distance apart was most similar to the distance between the two strand separations. The result of comparing these molecules (Fig . 16) is again in agreement with there being three common regions of strand separation .
mtDNA molecules with four regions of strand separation were next compared to the three strand separation map (Fig . 17) in a similar way to that used for molecules with two strand separations . In this case, however, the midpoint of a segment of a molecule containing either three or four strand separations was lined up with the midpoint between the two outside arrows . The number of regions of strand separation included in this segment and their orientation was chosen to give maximum overlap . When these molecules were compared (Fig . 17) , again three common regions could be discerned, but the fourth mapped more or less at random . This latter observation may be an indication of the limitation of the technique for this DNA . In order to test whether the three common groupings resulting from comparing molecules containing three strand separations (Fig . 15 ) are likely to be generated by random denaturation within one-half of the molecule, a test was made using artificial molecules containing three strand separations, the positions and sizes of which were generated by random numbers . One set of random numbers was used to determine the mean position of three regions of strand separation within the equivalent of 48 .5% of the molecule length. A second set of random numbers was used to determine the size of each separation equivalent to the range of separation found in mtDNA molecules ; 0 .5-4 .5% of the map length . Exactly the same procedure as that employed to compare the mtDNA molecules showing three strand separations was then used to compare the positions of strand separation generated by random numbers . This was done for each of two sets of 25 molecules . In each case, the resultant histograms showed only two groups : a relatively narrow group to the left and a broad group to the right. The group to the left in each histogram had a significantly higher mean position (P = <0 .001 in each case) on the map and a significantly higher variance (P = <0 .001 and P 0 .025) than the left hand group in Fig . 15 . These The mean lengths of the double-stranded supercoiled molecules found in samples heated at 51°C and above decreased with increase in temperature, and were less than those of the double-stranded molecules found in samples heated at lower temperatures . The mean length of the open double-stranded forms showing strand separations in the 80°C sample was similar to that of the supercoiled molecules and showed very little variation with increase in temperature . Single-stranded circular molecules were shorter than the supercoiled forms in each sample, and from 51'C through 70°C showed a continuous decrease in length to a value of only 55 %o the mean length of native open circular molecules .
DISCUSSION
The results of denaturation mapping of molecules heated at 49°C indicate that in at least 25% of the mtDNA molecules, one-half of the molecule is distinguished from the other half by regions which denature at lower temperatures . There appear to be at least three such regions . Under the conditions of our experiments, Follett and Crawford (1968) found that the first regions in which strand separations occur are rich in adenine and thymine . It has been shown by the use of ultracentrifuge and chromatography techniques (Hogness and Simmons, 1964) as well as denaturation mapping (Inman, 1966 ; 1967) that one-half of the lambda phage DNA molecule differs distinctly in average base composition from the other half. Distinct regions showing differential melting were demonstrated for lambda phage DNA over a range of 3°C (Inman, 1966) and 4°C (Inman, 1967) , for P2 bacteriophage DNA over a range of 7°C (Inman and Bertani, 1969) , for human papilloma virus DNA over a range of 8°C (Follett and Crawford, 1967 b) , and for polyoma virus DNA at two temperatures, 1°C apart (Follett and Crawford, 1968) . As the early melting regions in mtDNA can only be detected at the very beginning of strand separation and 4 0 4 THE JOURNAL OF QELL BIOLOGY • VOLUssa 53, 1971 are very short, they probably represent regions with adenine-thymine contents which differ from the rest of the molecule to a lesser degree than do the early melting regions of the virus DNAs which have been examined .
There is no indication at the present time of a possible functional significance for the three early melting regions of the rat liver mtDNA molecule . The present mapping results are consistent with the interpretation that mtDNA molecules comprise only one species with respect to their base sequences . However, particularly as it was possible to successfuly compare molecules showing only a small amount of strand separation, and as these accounted for no more than 25 0/'o of the component II molecules in the sample, other interpretations are not ruled out .
By 51'C, the component II molecules separated into a single-stranded circle and a singlestranded linear piece of similar length, as indicated by previous sedimentation and electron microscope studies (Dawid and Wolstenholme, 1967 ; Nass, 1969) . Separation was either total, or the single strands remained connected at one or a small number of points . As these points of attachment (when there was more than one) appeared to be random relative to each other, and as such connections were still apparent between single-stranded DNA molecules heated at 80°C, they most probably resulted from incomplete separation of the strands due to crosslinking by formaldehyde (Freifelder and Davison, 1963) rather than to specific hydrogen bonding . Similar molecular forms were found when open circular polyoma virus DNA was heated to 70°C (Bourguignon, 1968) .
The shorter lengths of single-stranded DNA molecules produced by heating in formaldehyde have also been noted by Follett and Crawford (1967 b) for human papilloma virus DNA molecules . This contracted secondary structure of single-stranded mtDNA seems likely to account for the shorter length of partially denatured molecules in the 50°C sample and also the shorter length of the supercoiled form found in samples heated at 51 °C and above . Inman and Bertani (1969) reported that progressive shortening of P2 bacteriophage DNA molecules accompanied increased strand separation .
The present data are in agreement with previous work indicating the resistance of covalently closed circular DNA molecules to denaturation (Vinograd and Lebowitz, 1966 ;  Dawid and Wolstenholme, 1967 ; Crawford 1967 a, 1968 ; Nass, 1969 ; Renger and Wolstenholme, 1970 ;  Leffler et al ., 1970) .
With increasing temperature, in the presence of formaldehyde, supercoiled covalently closed circular mtDNA molecules (component I) first convert to an open circle (component I') and then at the temperature at which component II molecules are completely denatured, to a second supercoiled form (component I") . Similar observations have been made concerning component I of human papilloma virus DNA and polyoma virus DNA (Follett and Crawford, 1968) . Following the interpretation of Follett and Crawford, the observations for mtDNA may be explained by assuming that heating the covalently closed molecule results in the separation of a small number of base pairs which allow the superhelical forms to unwind . This results in a simple open circular form, I', in which both strands are intact . Further heating causes separation of more base pairs, which forces superhelical turns of opposite sense to those of component I into the molecule . The change in sense of the superhelical turns has been argued from the results of experiments with the dye ethidium bromide, which intercalates between the bases of the DNA molecule (Waring, 1965) . Intercalation of increasing amounts of the dye into covalently closed DNA molecules unwinds the helix and the molecule converts first to an open circle (I') and then to form (I") (Crawford and Ruttenberg et al ., 1968) .
The present electron microscope observations are in agreement with the results of previous sedimentation studies concerning covalently closed molecules of mtDNA (Dawid and Wolstenholme, 1967 ; . Exposure to increasing pH or increasing temperature in the presence of formaldehyde, resulted first in a lowering of the sedimentation coefficient of component I followed by a steady increase to a value indicating a very compact structure . This was interpreted as resulting from progressive unwinding of the DNA double helix with increased degrees of hydrogen bond breakage between the base pairs . The final component (Talk) was interpreted as representing two circular single-stranded molecules, topologically interlocked due to their covalent closure, but completely denatured and collapsed . In the a second supercoiled Waring, 1967 a, b ;  present study, confirmation of the structure of this final product of denaturation of component I was prevented due to extensive cross-linking of these molecules by formaldehyde at higher temperatures, presumably resulting in partial retention of the double helical form .
